INTRODUCTION
Optically Stimulated Electron Emission (OSEE) is a non-contacting method found to be very sensitive to some contaminants on metal surfaces. It has been developed in the aerospace community as an inspection tool for verifying cleanliness of surfaces prior to bonding. Issues of stability and long term variability in commercially available OSEE instruments motivated an effort. at NASA Langley Research Center to improve the technology. This effort has gone through three stages: a science base study, development of an improved instrument for rocket motor inspection, and application of OSEE to a wider class of inspections.
SCIENCE BASE STUDY
A literature review of OSEE as a contamination inspection method revealed many applications, but little advancement in the physical description of the measurement beyond the original introduction and patent [1, 2] . Some of the descriptive material referred to presumed operating principles, but there was little independent verification, and inconsistencies in results based on the presumptions resulted in confusion in interpreting operational OSEE data. This confusion compromised the credibility of the OSEE technique for contamination inspection. To clarify this situation, the study formed and tested a series of hypotheses about the operation of OSEE, each of which addressed a single physical variable.
Study Elements
Several measurement instruments were designed and constructed in the course of the study. An OSEE instrument [3] was devised to allow independent control of parameters associated with the light and the electric field, to make intercomparison measurements with the commercially available equipment, and to surround the sample with a controlled gaseous environment during the entire measurement sequence. A Kelvin Probe was constructed to evaluate contact potentials of surfaces, and an ultraviolet spectrometer with cuvette holders was constructed to measure light absorption from visible wavelengths to 185 nm, the shortest wavelength of the low pressure mercury arc lamp used for a source. Initial hypotheses examined were that OSEE acts as a photodiode, that the temporal variability in OSEE currents observed in practice is due in part from surface chemistry and that the sensitivity of OSEE to contamination is caused by absorption of the incident light. Hypotheses generated during the study were that the contaminant of highest interest, a corrosion protection grease, becomes slightly photoconductive under ultraviolet radiation, that the grease alters the work function of the steel surface, and that the total and relative intensities of the source emission lines depend on both the power to the lamp and the lamp envelope temperature.
Findings
Earlier work [3] reported that purging the illuminated part of the measurement apparatus as well as its surroundings with argon greatly reduced the time variability of the OSEE current This both supported the surface chemistry hypothesis and permitted a straightforward procedure for comparisons. On this basis, it was relatively easy to show that the OSEE process on a clean surface formed a photodiode with very low reverse current. Figures 5 and 6 in [3] show the forward current as a function of bias voltage and light level. The dependence on voltage was found to be linear at low voltages, decreasing to the square root of voltage at larger voltages and not reaching a plateau indicating photoelectric saturation at voltages up to 1000 V in our cell (157 kV/m). A theoretical basis for this behavior is provided in [4] . The OSEE current from a clean surface was found to be generated primarily to the 185 nm component of the source with less than 5 percent produced by the 254 nm component, despite its greater intensity. In addition, the OSEE current from a clean surface was found to vary substantially and non-monotonically with the amount of water vapor introduced into the purge gas. On clean steel samples, OSEE currents had a scattering of values, and a correlation between OSEE current and contact potential for the surface was found. The surface with the greatest increase in contact potential was found to be metallurgically different from the other surfaces, having more carburization present in a thin near-surface layer [5] . OSEE currents were also found to be sensitive to lamp envelope temperature.
The absorption hypothesis for OSEE sensitivity to contamination was tested by comparing absorptivities inferred from dose-response curves for the contaminant to those measured in a spectrometer. The absorption spectrum was measured from 200 nm to 400 nm by the manufacturer of the grease [6] using a commercial spectrometer. Because measurements were required for the 185 nm emission of mercury, an apparatus was constructed to extend the wavelength of an absorption measurement to that value by purging the light path with argon. Additional measurements were made with this apparatus for the mercury lines in the 200-400 nm range to establish correspondence of both samples and techniques with the manufacturer's spectrum. A composite spectrum including both sets of measurements is shown in Fig. I .The inferred absorptivities were made from dose-response curves constructed from data taken by the rocket motor manufacturer [7] . The dose-response curve was interpreted as the result of a constant background plus three parallel processes,each of which is described by a straight line segment which can be either the initial portion of a Beer's Law response or a mixing response. Matching these inferred absorptivities to the nearest measured absorptivity produced the two wavelength assignments shown in Fig. 1 . The third process has an inferred absorptivity much higher than any measured absorptivity, and so is attributed to some other very sensitive physical process operating over very short distances. We suspect that this second process may be alteration of surface work function with very small amounts of contaminant. This is supported by the observations that the grease by itself is photoconductive under ultraviolet light and that the contact potential measured by the Kelvin probe was increased by about 100 mY on a heavily contaminated surface. In summary, the science base part of the study elucidated the nature of the OSEE response, identified two absorption processes which produce the OSEE response for relatively thick contamination layers, and isolated with tentative identification a third process which controls OSEE on very thin layers. In addition, effects on the measurement of environmental properties as well as those of the substrate were identified. As only two of the lines of the mercury spectrum, the 185 nm line and the 254 nm line, were shown to produce significant OSEE currents, two varieties of OSEE measurement are suggested which may be termed low and high energy. Low energy OSEE, from the 254 nm spectral line, is unaffected by atmospheric absorption of the incident light, but it is more sensitive to changes in the work function of the inspected surface. High energy OSEE, from the 185 nm radiation, is less sensitive to work function changes and, because of the absorption spectrum of the contaminant of interest, is more sensitive to contamination. In the commercial instrument, both modes are mixed, but high energy OSEE predominates until the contamination layer thickness exceeds about 300 nm ..
Recommendations for Improvement of an OSEE-Based Instrument
Because high energy OSEE has both a larger signal and higher sensitivity to contamination rather than surface conditions, it was recommended to use high energy OSEE for contamination measurements. The high energy light is absorbed by and interacts with atmospheric oxygen, so it was recommended to purge the illuminated volume of an OSEE measurement device with a gas transparent to the 185 nm light, such as argon. Because the measured current depends directly on light intensity, which can vary with lamp operating and environmental conditions, it was recommended to protect the lamp environment from ambient conditions with a window and to include a monitor of the lamp radiation at 185 nm as part of a feedback circuit to regulate light intensity. The field electrode of the laboratory test instrument was parallel to the sample surface, producing parallel field lines and a spatially constant field in the illuminated part of the sample surface, a configuration we termed Parallel Electric Field (PEP) geometry. Sensitivity tests indicated that the PEF geometry produced higher sensitivity to contamination than was obtained with the commercial instrument. A recommendation was made that PEF geometry be included in an OSEE instrument by providing an appropriate electrode configuration and appropriate field stops on the illumination. A recommendation was made to include a Kelvin Probe in the inspection instrument so that intrinsic variations in contact potential could be discriminated from contamination.
IMPROVED SOLID ROCKET MOTOR INSPECTION INSTRUMENT
The objective was to produce a prototype OSEE-based rocket motor casing inspection instrument with capabilities and productivity superior to the existing instrument in several categories. These included maintaining at least the present scanning speed of 8 linear inches per second, improving horizontal resolution from 6 inches to 1 inch in both the alongscan and across-scan directions, reducing the weight of the head and detecting contamination to at least the level of 4.6 llg/cm2 (5 mg/ft2) of the primary contaminant of interest.
Instrument Characteristics
The objective was addressed by completely redesigning the OSEE instrument, the result being termed 3rd Generation OSEE [8.9] . The instrument was configured to have six independent measurement/bias electrodes with illumination from a single UV lamp, the light being directed by an ellipsoidal reflector and stopped with field stops. PEF geometry and lamp environment isolation were attained by vacuum depositing the collection electrodes on a window at a thickness such that the ultraviolet light passed through the collecting electrodes with only modest attenuation. The illuminated area was surrounded by a grounded "face plate" through which the purge gas was also injected. To increase bandwidth, the input to the electrometer was located close to the collection electrode, and guarding techniques were used The illumination method produced much higher OSEE currents than previously reported by virtue of high intensity. The lamp was regulated to maintain constant 185 nm radiation on a far-ultraviolet photodetector which was insensitive to the 254 nm radiation. Separate purge streams were provided to the lamp cavity and the measurement volume, with the lamp gas exhausting into the measurement region, so that the lamp chamber purge stream could provide controlled cooling if needed. The two purge streams were individually regulated with mass flow controllers. The lamp gas flowed first through the photodetector light path to purge that path and cool the radiometer surface to its operating specifications. The electrometer circuits were housed in an electrically isolated chamber and maintained at collector potential, with isolation amplifiers between them and the line driver electronics. The analog output was transmitted along an 80 foot umbilical to the base unit by using balanced drivers to provide noise immunity in a factory operating environment. The outputs were provided both as six individual analog channels and as an average of the six channels on a linear scale between 0 and 10 volts for processing compatibility with the existing OSEE instrument.
Performance Characteristics
The probe was tested for several I characteristics, listed in Table 1 . The characteristics obtained, while not all within the design goals, exceeded the current technology by at least a factor of 2.5. The laboratory results indicated that the instrument was operational and would meet the requirements, but the requisite scanning capability was available only at the field center where qualification tests are performed. Figure 2 shows the results from the field trials of two successive scans over the same area, a 2 inch wide clean sample surrounded by two 2 inch wide dirty samples. The figure shows all of the six channels for one of the two scans and the difference between the scans. The noise level for the system is evident on the difference trace.
Calibration Results
. The sensitivity of the rocket motor inspection instrument to contamination was examined in the field trials with a stepped sample, which was prepared by producing a series of 1 inch x 6 inch steps on a six inch square plate of grit-blasted solid rocket motor steel. The nominal contamination levels were chosen starting at zero and incremented by 4.6 llg/cm2 (5 mg./sq. ft.).The traces from all six channels indicate a large level change between the clean sample and the fITst contamination level, with constant decreases between successive step levels. The actual scanning data show a nearly linear decrease because the design aperture of the OSEE measurement in the scanning direction is 1 inch, the same as the width of the steps, and the convolution of a step series with a uniform averaging function having the width of a single step is a straight line. A standard calibration had not been established for all six channels at the time of this test, so the levels vary between channels. The sensitivity curve was obtained by averaging the six channels of data at the points where the measurement was located entirely on one of the steps. The resulting dose-response curve is shown in Fig. 3, and it shows a constant sensitivity to contamination between 4.6 and 24 Jlg/cm2 with a much higher sensitivity between 0 and 4.6 Jlg/cm2. A complete dose-response curve is not available at this time, but Fig. 3 spans the region of most interest in solid rocket motor inspection. 
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EXTENSION OF OSEE INSPECTION TO INSULA TlNG SUBSTRATES
While the existing theoretical description of OSEE is based on the photoelectric effect in metals, the description of which involves a sea of available electrons at a defmite potential from the surface, OSEE practitioners have frequently noticed that an OSEE probe brought into proximity with an insulating surface also produces an initial current Attempts to use OSEE for contamination inspection on insulating surfaces have met with mixed results, with current decrease and measurement non-reproducibility being two primary difficulties encountered. Because interest remains strong for contamination detection, an effort was undertaken to extend the use of OSEE to insulating substrates. This effort involved three stages: establishment of a reproducible measurement, selection of a contamination-sensitive measurement parameter and production of a dose-response curve.
Theoretical basis of inspection -reproducibility
To establish reproducibility, the OSEE measurement was broken into its various subprocesses, and each was evaluated for an insulating or conducting substrate. The incidence of the light and its absorption by the contaminant layer are indifferent to the conductivity of the substrate. The reflection or absorption are different, but if electrons are present which are bound less tightly than the photon energy of the light, they can be freed from both kinds of surface. The observation of current flow is evidence that such electrons are present in some insulating surfaces. Once released, the electron in an insulator leaves a positively charged hole behind, which will tend to attract the electron. In the metal, the electron induces a charge distribution which appears to be its positive image and to which it is attracted. The positively charged hole in the insulator is stationary, but the image in the conductor moves with the electron, so the conditions for escape of the electron are different for an insulator than for a conductor. Following escape, the conductor, if attached to ground or some other electron source, replenishes the charge through the connection. With the insulator, the positively charged hole remains, and the accumulation of such holes produces an electric field which opposes the field in the gap, eventually eliminating the current. While several of these differences might be expected to change some aspects of the OSEE response in insulators, only the residual charge in insulators creates a condition which changes the macroscopic environment of a measurement as a result of the measurement. In order to reproduce macroscopic measurement conditions, a change in measurement procedure was initiated in which the bias of the measurement cell was reversed and the reverse current permitted to flow until the total charge matched that required by the measurement. The altered procedure is termed charge replacement. Fig 4 shows two sets of three successive OSEE measurements on an uncontaminated insulating substrate. For each measurement, data acquisition started after the signal had settled from the setting of the gap potential. After the data start, a shutter was opened, allowing light to strike the substrate. Following a period of data acquisition, the shutter is closed, and the data are taken long enough to affirm that the zero point has not changed. The difference between the two sets of data is that in one case, the apparatus is allowed to "rest" for some time, while in the other case, charge replacement is employed between measurements. The measurements are clearly more repeatable with charge replacement. 
Characteristics of OSEE response
On a metallic substrate, it has been shown that OSEE produces a constant current under circumstances where the measurements are repeated. The repeatable data in Figure 4 do not describe a constant current, but rather a current decreasing with time. This can be ascribed to the charge building up in the measurement region and the depletion of available electrons during the measurement. Whatever the cause, the result is that the current initially decreases linearly from an initial level. At longer times, the current asymptotically approaches zero. This characteristic shape has two measurable parameters which can be used to represent the OSEE response, the initial level and the initial slope. For metal substrates, only the level is available for such representation. Dose-response curve for particular case A dose-response curve was constructed for a commercial rosin soldering flux on a substrate used in circuit board manufacturing [10, 11] . The initial OSEE current level was used as the representative parameter, as it is more suitable from a production viewpoint, which emphasizes simplicity and speed. The measurements were obtained using charge replacement with reproducibility verified in successive measurements. The generic form of the dose-response curve (Fig. 5) is similar to that found in metals, complete with greatly increased sensitivity at the lowest levels of contamination.
CONCLUSIONS Present state of OSEE Contamination Inspection
This report, while describing several advances in contamination inspection using OSEE, remains an interim statement. Compared with commercially available equipment, the technology has been made more reproducible and much more rapid through application of a more complete theory and use of currently available electrical and mechanical components. An inspection instrument employing some of the technological improvements has been produced and is presently undergoing production line qualification tests. Sources of measurement variability have been identified, and control measures have been devised to reduce the associated variability. Two modes of response to contamination have been demonstrated, and one of the modes, absorption of incident light, has been independently verified. The mixture of response modes has been shown to depend on the wavelength of the incident light, permitting some tailoring of an OSEE measurement by varying the incident wavelength. The other mode of response has been shown in some cases to have very high sensitivity at very low contamination levels. It has been strongly associated with work function change in metals through independent measurements of contact potential and metallurgical examination of substrate variations. Finally, a procedure to produce measurement reproducibility has been devised so that OSEE measurements can be applied to insulating substrates, and a doseresponse curve has been produced for a contaminant on an insulating substrate. Contamination Amount (1l9/sq. em) Figure 5 . OSEE Dose-Response curve for rosin flux on circuit board substrate material using charge replacement to operate on the insulating surface.
There is still much to dO.Each substrate-contaminant pair still must be evaluated empirically for lack of a quantitative theory of OSEE response to contamination. Argon is presently used as the purge gas, but lower cost substitutes may exist. Measurement variability, while greatly reduced, still remains in some measurements. Its presence is both troubling and puzzling. The short term response of OSEE, which will eventually determine the maximum measurement rate, is virtually unstudied. The mode of charge transfer to the collecting electrode is unverified. The spatial variability of OSEE current has not really been studied, and a potential exists for measurement of small scale variability: i.e. a scanning OSEE microscope. Ultraviolet light is not necessarily a passive probe, but has potential needing study both for damaging and for enhancing the measured surface.
Qmx>rtunity for additional inspection environments
The attractive features of on OSEE inspection are that it is non-contacting, highly sensitive and provides immediate results with minimal sample preparation. Additionally, the basic measurement can be configured many different ways while still adhering closely to the basic scientific recommendations. These factors imply many opportunities for employing OSEE measurements in new settings and environments.
